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Your food stamps will be stopped effective March 1992 because we have received notice that you 
passed away. You may reapply if there is a change in your circumstances. 

— Letter from S.C. Dept. of Social Services 



Overview 

Because of its special importance to us, we will give detailed treatment to the part of the 
spectrum of electromagnetic radiation with wavelengths in or close to the visible region. 
The human eye is sensitive to wavelengths from about 400 nm to about 700 nm. 
Radiation with somewhat shorter wavelengths constitutes the ultraviolet while that 
with somewhat longer wavelengths is the infrared. 

Most ordinary objects have dimensions much larger than these wavelengths. As a 
result, diffraction effects (to be discussed later in detail) are often negligible and we can 
treat the propagation of light energy as though it moves in straight lines, called rays. 
This treatment is called the ray approximation, and the corresponding description of 
light propagation in rays is called geometric optics. 

There are many phenomena which demonstrate conclusively that light does not always 
travel exactly in straight lines, but exhibits intensity distribution patterns typical of 
wave interference. The description of these phenomena is called wave optics. 

As an electromagnetic wave, light consists of E-fields and B-fields, perpendicular to the 
direction of energy propagation. Light phenomena which vary with the specific direction 
of the fields are called polarization effects. 

We start with a discussion of the general properties of light, and of the types of sources 
that emit it. Next we discuss polarization phenomena. We then discuss the ray 
approximation and use it to describe formation of optical images. Finally we discuss the 
wave properties and analyze interference and diffraction phenomena. 

Sources of light 

Earlier we briefly discussed radiation of e-m waves by classical sources such as an 
oscillating electric dipole. These sources operate on the basis of the classical principle 
that an accelerated charge radiates energy in e-m waves. A charge in periodic motion 
emits waves of the same frequency as that of the charge's oscillation. 
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But visible light has frequencies around 10 Hz, much too high to be produced by 
macroscopic oscillating dipoles. Instead, visible light arises from processes involving 
microscopic objects — atoms and molecules. To understand these processes requires 
knowledge of quantum theory, a 20th century development. We will discuss some of 
this in more detail later, but here we give a brief summary. 

We now know that e-m radiation consists of small packets (originally called quanta, now 
called photons), in each of which there is energy and momentum given by 

E = hf, p = h/ X = E / c. 

Here as usual/is the frequency, A is the wavelength, c = fX is the speed. The symbol h 

stands for a universal constant (Planck's constant); it is very small, of order 10 in SI 
units. A single photon of visible light has a tiny amount of energy. The light from an 
ordinary lamp involves a huge number of photons emitted each second. 

Visible light is produced by atoms or molecules emitting single photons. They do this as 
they make transitions ("quantum jumps") from higher energy states to lower ones. The 
energy of the emitted photon is the difference in energy between the initial and final 
states, in accord with conservation of energy. The frequency of the photon does not 
correspond to any oscillation frequency (in the classical sense) of the charges within the 
atom or molecule. This kind of process is called spontaneous emission. 

Quantum theory does not tell us exactly when a particular atom will emit a photon; 
instead it predicts the probability per second of the emission. That is enough to tell us 
about the intensities of light emitted from a sample containing a large number of atoms. 

Because in general bound states of atoms and molecules have "quantized" energy — 
meaning there is a certain discrete set of allowed energies and no others — the energies 
(and frequencies) of the photons tend to come in discrete sets. This gives rise to the 
"line" spectra characteristic of isolated atoms or molecules in a gas. 

When atoms or molecules are close together as in a solid, energy levels become "smeared" and overlap 
each other, so the possible energies an frequencies of the emitted photons can take on a continuous range 
of values. This gives rise to the "continuous" spectra one observes in radiation from a heated solid. 

If a photon of just the right frequency impinges on an atom, it can transfer its energy to 
the atom, raising the atom's energy to one of the higher states. This is absorption. 

In 1916 Einstein predicted a different kind of emission. This occurs when an atom is in 
an excited state that will result in emission of a photon, but the atom is already in the 
presence of photons of exactly the type that will be emitted. The presence of these other 
photons can greatly increase the likelihood of the atom's emission. In a sample of a large 
number of atoms, this results in greatly increased intensity of the radiation, all the 
emitted photons being exactly alike with respect to phase as well as energy and 
momentum. This process is stimulated emission. It is the basis of lasers. 
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Rays and wavefronts 

We return to the model of light as a classical wave. The "particle" nature of photons is 
important in describing emission and absorptions of light, but not its free propagation. 

For waves in water it is easy to see the wave motion. Consider a point source, such as a 
small pebble dropped into a still pond. The waves spread uniformly out from the source 
along the water surface. There are crests and troughs, in the form of expanding circles 
around the point where the pebble was dropped (the source point). 

The curve passing along a particular crest (a circle, for the water waves) is a wavefront. 
The energy moves directly away from the source along straight line rays, everywhere 
perpendicular to the wavefronts (along the radii of the circles, for the water waves). 

Similarly waves can spread in three dimensions. Sound waves from an explosion are an 
example. The wavefronts in such case are surfaces (spheres, if the source can be 
approximated by a point). The rays, along the radii, give the direction of energy flow. 

At distance from the source large compared to the wavelength the spherical surface of 
the wavefront in a restricted region is approximately flat, and successive waves fronts in 
that region can be treated as parallel plane surfaces. This is the plane-wave approximation. 

One can make plane light waves at smaller distances out of spherical waves by using mirrors and lenses. 
The E-field of a plane harmonic wave is usually written in the form 

E(r, t) = Eq cos(k T-cot + cj)) . 

Here k is a vector in the direction of the energy flow, with magnitude k = 2K I X; 

CO = 2nf is the angular frequency; and is a phase constant. The amplitude vector Eg is 

perpendicular to k, and usually decreases in magnitude with distance from the source. 

Huygens's principle 

Huygens, a contemporary of Newton, was a pioneer in the theory of waves, and was a 
strong supporter of the idea that light was a wave. (Newton took the opposing view.) 

If a plane wave impinges on a small hole in a barrier, the energy that passes through the 
hole spreads beyond the barrier as a spherical wave with the hole as its apparent source. 
This fact led Huygens to speculate that any point on a wavefront can be regarded as a 
source of new spherical waves; superposition of these secondary waves then gives the 
new wavefront. 

This conjecture can be proved mathematically as a consequence of the wave equation. 
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Huy gens' s principle 



Each point on a wave front acts as a 
source of coherent spherical waves; 
superposition of these waves determines 
the future progress of the wave front. 



This provides a useful geometrical method for analyzing how a wave progresses, 
especially when it encounters obstacles (leading to diffraction, to be discussed later), is 
reflected, or moves into a region where the propagation speed is different (leading to 
refraction). We will apply it to reflection and refraction. 



Reflection and refraction 

The speed of an e-m wave in vacuo is c, regardless of the frequency of the wave. But 
when it passes through a transparent material (one through which the energy passes 
essentially without loss to absorption, which would convert some of the energy to heat) 
the wave speed is generally different from c, and it may vary with the frequency. 

This change of speed comes about from the interaction of the e-m fields of the wave with charges in the 
atoms of the material. This interaction results in emission of a second "scattered" wave. The 
superposition of the waves scattered from the atoms and the original wave gives the actual wave that 
travels through the material. The wave is unchanged in frequency, but it moves at a different speed, 
usually — but not always — slower than in vacuo. The wavelength thus changes (usually becoming 
larger) and the direction of the energy flow may also change. 

It is a general property that when a wave impinges on a transparent medium where the 
speed is different, the energy divides into a transmitted wave, going into the new 
medium, and a reflected wave, traveling back through the original medium. 

Conductors present a special situation. Since the E-field dies away quickly in the conductor, an e-m wave 
impinging on a conducting surface penetrates very little beyond the surface, so there is no transmitted 
wave. (This is why good conductors are not transparent.) Nearly all of the energy is reflected. 



Consider a light wave impinging obliquely on the 








interface between two transparent media in which the 
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waves speeds are different. The reflected wave moves 






back into the original medium, and the 
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"refracted" (transmitted) wave moves into the new 
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medium, but in a different direction. The diagram 
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shows the rays of these waves. 
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There are several important questions about this process: 

• How is the angle 0^ (the angle of reflection) related to 0^ (the angle of 
incidence)? 

• How is 62 (the angle of refraction) related to 0^ ? 
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• How does the incident intensity divide between that of the reflected wave and 
that of the refracted wave? How does this division depend on 0^ ? 

• Do any of these things depend on the polarization (the direction of the E-field) of 
the incident wave? 

We will answer the first two questions fully For the other two, we will indicated the 
nature of the answer and quote the results of detailed analysis. 

The laws of reflection and refraction 



The relation between the angles of incidence and reflection is simple, and can be 
derived using Huygens's principle. The diagram shows plane wavefronts and rays. 




Reflected 



The solid lines 1 and 2 represent successive wavefronts of the incident wave, while V 
and 2' represent the corresponding successive wavefronts of the reflected wave. The 
arrows represent the incident and reflected rays, respectively. The angle between the 
incident wavefront 1 and the interface is 0^ , while the angle between the reflected 

wavefront 1' and the interface is 0[ . 

The angles between wavefronts and the interface are the same as those between the rays and the normal to 
the interface. It is conventional to use the latter to define the angles. 

At f = , point on wavefront 1 reaches the interface, and starts a spherical wave 

(represented by the dotted circle) moving back through the original medium. After time 
T (the period of the wave) point A-^ on wavefront 1 reaches the interface at point A2 , 

while the wave emitted from B^ has expanded to reach point B2 ■ The distances 

and B^B2 thus are both equal to v{r , where v-^ is the speed in the original medium. The 

right triangles A-^A^B^ and A2B2S2 have the same hypotenuse ( A2B2 ) ^rid the same 

opposite side, and are thus congruent. The angles 0^ and 0[ are therefore equal: 



Law of reflection 



0'-^ — 0-^ 
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The treatment of the refracted wave is similar. The diagram shows the situation. 




Here 8^82 = Vr[r , where V2 is the speed in the new medium, while = v{r . The 
right triangles have the same hypotenuse but different opposite sides. Thus we have 

sin^j _ Vi 

sin02 ^2 

This is one form of the law of refraction. It is common to write it in terms of the index of 
refraction, defined by: 



Index of refraction 


n = c 1 V 


where as usual c is the speed in vacuo. In these terms we have 


Law of refraction 


sinO^ =n2sin02 



This is often called Snell's law (in France, Descartes' law). 

As with many "Western" mathematical and scientific discoveries, this law was accurately described long 
before either Snell or Descartes, by Ibn Sahl of Baghdad, in 984. 

The wave speed z; in a material (and thus its index of refraction) generally varies with 
the frequency of the light, a phenomenon called dispersion. For ordinary materials, the 
variation is slight over the range of visible frequencies, and we will often ignore it. But it 
is responsible for some well-known effects, such as the rainbow. 

The laws of reflection and refraction, derived here from the wave theory, can also be obtained from 
Newton's "corpuscular" theory of light. In that theory reflection results from elastic collisions of the 
"corpuscles" with the interface, while refraction results from an attractive force exerted by the interface. 
But for the ray to bend toward the normal (i.e., for 0^ < 6^ ), Newton's theory requires the corpuscle to go 

faster in the new medium > v^).ln the wave theory, on the contrary, this occurs if ^2 < . 

Measurement of the speed of light in water, by Foucault in 1850, settled the matter in favor of the wave 
theory. But by then the wave theory had already been accepted on other grounds. 
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Reflected and transmitted intensities 



The above two laws give the directions of the reflected and refracted rays, but say 
nothing about the intensities of the waves. Assuming no loss by absorption, the sum of 
the intensities of the reflected and refracted waves must equal the intensity of the 
incident wave, by conservation of energy. We are interested in the fractions reflected or 
transmitted, which are measured by the reflection and transmission coefficients: 

R = h^ ^ T = h^ R + r = l. 
1- I 

inc inc 

The dimensionless number R is often called the reflectivity of the interface. 

These intensities are related to the squared E-field amplitudes of the waves by the usual 
formula, but one must use the actual fields in the transparent media. Generally, such 
media are dielectrics having no particularly strong magnetic properties. In that case the 
(average) energy density and intensity of the wave are given by 

u = ^kEqEq^, I = vu . 
Here v is the wave speed and Eq is the E-field amplitude, both in the medium. 

To derive formulas for R and T as a function of 6^ , one uses the field equations to 

establish how the fields change at the interface, and then imposes conservation of 
energy. The calculation is fairly complicated, so we will omit it. The salient point is that 
there are different formulas for R and T for different directions of the incident E-field. 

Shown are the two cases, with arrows representing possible directions of the E-fields of 
the waves. 




E II plane of incidence E ± plane of incidence 



In the first case E lies in the plane containing the incident and reflected rays (the "plane 
of incidence"); in the second case E is perpendicular to that plane. (A general wave 
might involve an E which is a superposition of these two cases.) 

The formulas for R as a function of 0^ can be conveniently written as follows: 
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^ ^ tan^(0i-%) ^ ^ sin^(0i-02) 
" tan2(%+02)' ^ sin2(%+02)' 

By the law of reflection O2 = sin~^[(n2 / n2)sin0^] , so the R's are completely determined 
by 6^ and the ratio of the refractive indices. 

The formulas contain much information, some of which we will examine. 

1. If 0^ = ;r / 2 , both R's are 1 so there is total reflection in both cases. This is "grazing" 
incidence, with the incident and reflected rays parallel to the interface. 

2. If 02 = ^ / 2 , there is also total reflection in both cases. But by the law of refraction 
this means sinO^ / n-^- This condition defines the critical angle 0^ : 



Critical angle for total reflection 



sin = n2 / 



If 6i>0^, the reflection is total. Clearly 0^ exists only if ^2 < . 

3. As O^^O ("normal" incidence), we can use small angle approximations 

(sin0 ~ tanO ~0)to show that O2 (n^ / ^2) ■ 0^ ■ Using the small angle 

approximations for the sines and tangents, we find that both reflection coefficients 
reduce approximately to 



n2 - n-^ 



yn2 + n-^ 

4. If 0^ + 02 = ^ / 2 there is zero reflection in the case where E is in the plane of 
incidence. This occurs when 0^ is the Brewster angle, defined by 



Brewster angle 



tan0g = n2 / 



If the incident light has and E-field with components both in the plane of incidence 
and perpendicular to it, then when 0^ = 0^ the reflected light will consist only of 

waves with E perpendicular to the plane of incidence. The reflected light is 
"completely polarized" with E perpendicular to the place of incidence. The waves 
with E in the plane of incidence (that are not reflected) are totally transmitted. 

Shown below are plots of the reflection coefficients as functions of 0^ . We have chosen 

the two media to be air and a glass with n = 1.5 . 
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In the first pair of plots the light is incident from air on glass. For the case of E in the 
plane of incidence, the location of the Brewster angle is indicated. 




In the second pair of plots the light is incident from glass to air, so there is total 
reflection at the critical angle. 



1-- 



R -- 



0.8-- 



= 1.5, ^2 = 1, E _L plane of incidence 




0.6 O.S 1 

0j (radians) 



n/2 



1 



R -- 



o.a-- 



0.6-- 



0A-- 



0.2-- 



Kj = 1.5, ^2 = 1' E II plane of incidence 



Brewster angle 




H 1 1 1 h 



1.2 1.4 



k/2 



PHY 54 



10 



Light 



In all cases R has the same value at 0^=0, and R = 1 for di=K 1 2. 

For most values of Oi,R is larger when E is perpendicular to the plane of incidence, so 

unpolarized light is usually "partially polarized" by reflection: the reflected light 
consists preponderately of waves with E-fields perpendicular to the plane of incidence. 

Exceptions: normal incidence, grazing incidence, and total reflection, where both values 
of R are the same. 

Reflection from a conducting surface is simpler. It is essentially total at all angles, 
independent of the direction of E. Since household mirrors use reflection from a 
conductor, they have no polarizing effect. 

Polarization 

We have seen that the reflected intensity depends on the direction of the E-field (one 
could use the B-field, but the direction of one determines the direction of the other). The 
direction of the E-field gives the polarization state of the wave. There are many 
situations in which observed phenomena vary with the polarization state, but our 
visual system is not one of them: our eyes are insensitive to polarization. It requires 
some kind of special instruments for us to detect the state of polarization in light. 

In ordinary light sources the individual atoms radiate at random times and the E-fields 
of the emitted photons have random directions in the plane perpendicular to the 
propagation direction. This light is a random mixture of all possible polarization states. 
We call it unpolarized light. 

In the most general case, the E-field can oscillate simultaneously along two mutually 
perpendicular directions in the plane perpendicular to the direction of wave 
propagation. If the wave moves in the z-direction, then at a given point the most general 
E-field is 

= Eg coscot 
E = En cos{o}t + d) 

" y 

In general, this describes a situation where the tip of the arrow representing the E-vector 
traces out an ellipse in the x-y plane, so it is called elliptical polarization. 

If the amplitudes are equal and 5 = n / 2 we have the special case of circular 

polarization. The magnitude of E is constant, but the vector rotates in a circle. This can 
be regarded as a superposition of two waves of equal amplitude, with E along the x-axis 
for one wave and along the y-axis for the other wave, and with their oscillations out of 
phase by 71 / 2. 

The other extreme case is linear polarization, in which E oscillates along a line. 
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There are three common mechanisms by which unpolarized light becomes at least 
partially polarized. 

Reflection. As we have seen, when such light is reflected from a dielectric surface {not 
from a conductor), the intensity of the part with E perpendicular to the plane of 
incidence usually dominates because R is larger for that part. The reflected light is thus 
at least partially polarized. (If the light is incident at the Brewster angle, the polarization 
is 100%.) This is the phenomenon of polarization by reflection. 

Selective absorption. Transparent materials with crystalline structure often interact 
differently with waves polarized in different directions. As a result, many crystals have 
different indices of refraction for different directions of E. This is called birefringence 
(double refraction) and can give rise to double images. Stresses in amorphous materials 
(such as plastics) can produce the same effect. 

Some long thin crystals, such as iodine, absorb most of the light incident on them if E is 
parallel to the long dimension of the crystal, while absorbing very little if E is 
perpendicular to that dimension. Making use of this property. Land invented a method 
for producing thin sheets of material that selectively absorb waves linearly polarized in 
one direction while transmitting waves linearly polarized in the perpendicular 
direction. This material, which produces polarization by selective absorption, is called 
Polaroid. It provides a cheap and easy way to make or detect polarized light. 

Scattering. A natural source of polarized light is scattering from microscopic particles, 
such as atoms, molecules, or anything small compared to the wavelength of the light. 
The diagrams below show a ray of sunlight scattered from an atom in the atmosphere, 
with the scattered ray being seen by an observer on the ground. 




In the first diagram the sunlight has its E-field in the plane of incidence. This oscillating 
E-field exerts a periodic force on the electrons of the atom, setting them into oscillation 
along the vertical line, at the frequency of the light. (It is the electromagnetic equivalent 
of a driven oscillator.) The atom becomes a tiny electric dipole, oscillating vertically and 
radiating scattered light like a dipole, i.e., with intensity proportional to sin^ . 
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In the second diagram the situation is the same except that the E-field is perpendicular 
to the plane of incidence. Now the atomic dipole oscillates perpendicular to the page, 
and the scattered ray is always perpendicular to it. The intensity is thus the maximum 
possible, independent of 6 . 

Ordinary sunlight is unpolarized, with E randomly oriented in the plane perpendicular 
to the ray. There are thus equal amounts of the two cases shown. Since the scattered 
intensity observed is greater in the second case, the light observed at the ground is at 
least partially polarized, with E preferentially perpendicular to the plane of incidence. 
This is polarization by scattering. For = the polarization would be complete, except 

that there is a good deal of rescattering by other atoms as the light passes through the 
atmosphere. 

Particles of size comparable to or larger than the wavelength, such as dust and water droplets in clouds, 
do not scatter this way, but merely reflect the light. One sees the effects of polarization in skylight best on 
a clear day. 

The scattered intensity obeys the dipole formula, so it is also proportional to ft)^ . This 

means the scattered light is strong in the blue region and weak in the red, explaining the 
blue color of the clear sky. 

Scattering of light by this mechanism was analyzed by Rayleigh, so it is called Rayleigh scattering. 
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